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It’s all gas accretion!
There are four main things we are 
trying to understand with a theory 
of galaxy formation:

1. The masses of galaxies

2. The colors of galaxies 

3. The sizes of galaxies

4. The morphologies of galaxies

gas accretion

gas accretion

angular momentum
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Maller and Dekel, 2002

Fall and Efstathiou 1980

Disk sizes are set by angular momentum conservation.

But the galaxy is only a small fraction of the available 
baryons. The key is which baryons are in the galaxy.

8 C. B. Brook et al.

Figure 11. Left Panel: The background is a density map of all gas in the simulated galaxy at z = 0.5, where the disc is oriented edge
on. We have taken a 200x200 kpc box. The dashed line marks the virial radius. The arrows are velocity vectors, indicating the direction
of outflows, with the size of the arrows related magnitudes of velocities as indicated above the panel. Middle Panel: The gas which is
feeding star formation, i.e. we include only gas at z = 0.5 which will subsequently form stars by z = 0. We use the same scale and again
indicate the virial radius. The gas feeding the star formation is accreted largely from low angles from the plane of the disc. Right Panel:
Here we plot outflowing gas, again with velocity vectors demonstrating that outflows are strongly directed perpendicular to the disc.

and has jzmean = 145 kpc kms−1. Gas which gains energy
directly from supernovae thus has relatively low angular mo-
mentum, so simply modelling this gas which is within the
star forming regions as being blown out will preferentially
remove low angular momentum gas.

4.3 Outflows perpendicular to the disc.

Our simulations, as well as observations of outflows, indi-
cate that as gas is expelled, it can also entrain gas which
is in outer regions of the galaxy, and sweep it out with
the outflows (Stewart et al. 2000; Schwartz & Martin 2004;
Veilleux et al. 2005). The relative importance of these two
modes of outflow are not well constrained. Direct expul-
sion from inner regions appears to be the dominant mode
(Bland-Hawthorn et al. 2007), and is also the main mech-
anism of gas removal in our simulations. Here we show
that that, consistent with observations (Heckman et al.
1987; Bland & Tully 1988; Shopbell & Bland-Hawthorn
1998; Veilleux & Rupke 2002; Bland-Hawthorn et al. 2007)
and other theoretical models (Mac Low & Ferrara 1999;
Pieri et al. 2007), the outflows from the central regions are
preferentially perpendicular to the plane of the disc.

Figure 11 shows the direction of gas flows from our
galaxy at z ∼ 0.5, when a minor starburst occurs. The color
gas density map shows the edge on view of the galaxy, with
velocity vectors overplotted showing the direction and mag-
nitude of the gas velocity. The virial radius is marked by
a dashed white line. The right hand panel shows the out-
flows, and reveals that they follow the path of least resis-
tance perpendicular to the disc. These outflows thus prefer-
entially entrain material in regions which are perpendicular
to the disc. The highest angular momentum material, which
is in the extended gas disc surrounding the star forming
regions, is the least affected by the outflows. We measure
a low value for the mean angular momentum in the plane

of the disc of this material which is identified as outflows,
with jzmean(outflows) = 20kpc kms−1, while total angu-
lar momentum is high, jmean(outflows) = 193kpc kms−1,
as the material is getting driven to large radii, perpendic-
ular to the plane, at high velocities. Here, we have used

jmean ≡
√

jx2
mean + jy2

mean + jz2mean.
By contrast, gas which feeds star formation falls on

the galaxy from a direction which is in the plane of the
disc, and away from the outflows. The central panel of Fig-
ure 11 shows the edge on galaxy, again at z = 0.5, but this
time only gas which will form stars by z = 0 is plotted,
again with vectors indicating the velocity of the gas. The
gas which feeds star formation is clearly shown to flow pri-
marily from the plane of the disc. This gas has a relatively
high planar angular momentum, jzmean(starfeed) = 79kpc
kms−1, which is a large fraction of this material’s total an-
gular momentum jmean(starfeed) = 81kpc kms−1. This
contrasts to the outflowing material, but also to gas which
is in the galaxy at this time and which remains in the
galaxy as gas at z = 0, i.e. material which is neither be-
ing ejected nor feeding star formation. Such “retained” gas
has jzmean(retain) = 67kpc kms−1, with total angular mo-
mentum, jmean(retain) = 127kpc kms−1.

4.4 What about mergers?

One of the characteristic features of CDM cosmologies is the
merger of galaxies. This process is ubiquitous, and essen-
tially scale free (e.g. Cole et al. 2000; Fakhouri et al. 2010),
meaning that low mass field galaxies which preferentially be-
come discs dominated will have in general similar merging
histories as high mass galaxies, which have bulges and may
be dominated by spheroidal star systems. Mergers are widely
expected to result in bulges. In earlier simulations of galaxy
formation which suffered from overcooling, proto-galaxies
rapidly formed central baryonic concentrations through dy-

Brook et al. 2011

As seen in recent simulations.
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It’s all gas accretion!
There are four main things we are 
trying to understand with a theory 
of galaxy formation:

1. The masses of galaxies

2. The colors of galaxies 

3. The sizes of galaxies

4. The morphologies of galaxies

gas accretion

gas accretion

gas accretion

merger history
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Toomre and Toomre 1972

Galaxy morphology is related to galaxy mergers.

However, dark matter halos almost never have major mergers.
Stewart, et al. 2009

In order to have major mergers, gas accretion must be less 
efficient in massive halos then in less massive ones.
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Identifying Structures 
in 

Milky Way Gas
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High velocity gas has long been detected around the Milky Way 
and suggested as possible halo gas (Oort 1967).

In order to compare to models we would like to characterize 
this gas, traditionally this has been done as clouds and complexes. 
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Clouds have been defined as a contiguous 
region above a survey dependent flux threshold.

Complexes are cloud groupings that 
are done by visual inspection.

Clouds are resolution and sensitivity dependent. 
Single clouds are broken into smaller systems 

when higher resolution is used. 

Clearly there are groupings in the clouds, but 
without an algorithm how can one determine if 

there are similar groupings in a model.

I got into this cause Maller & Bullock 2004, Kaufmann 
et al. 2009 suggests there should be lots of warm 
clouds around the Milky Way. Can we test this?
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Radio Surveys

We have applied this algorithm on two radio surveys:

The Lieden/Argintina/Bonn (LAB) survey which covers 
the entire sky with a angular resolution of 0.6 degrees 
and velocity resolution of 1.3 km/s.

The Galaxy All Sky Survey (GASS) which covers the 
southern sky with 16 arcmin resolution and 0.82 km/s 
velocity resolution. McClure-Griffiths et al, 2009

Kalberla et al, 2005
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LAB
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EnLink
In order to improve upon this 
situation we have used EnLink, a 
sophisticated algorithm for finding 
structures in arbitrary data sets.

Sharma & Johnston 2009EnLink works in the following way:
1. No preset definition of a metric.
2. Determines metric locally by maximizing information.
3. Builds clusters of points starting with locally densest point.
4. Attaches subclusters hierarchically with as many levels as needed.  

similar to Behroozi, et al.’s Rockstar, ask him if you have questions.
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• We apply EnLink to these two data sets 
identifying structures in the phase space of 
angular position and velocity.

• We make no arbitrary velocity cut on the 
data.  Structures are identified by being a 
locally dense region of the data space.

• In practice this allows us to recover the 
high velocity gas around the Milky Way.
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We can separate the Milky Way as the 
largest group, containing 97% of the cells.
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From other groups, without using a velocity cut.
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Of course most of this is still at high velocity.
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High velocity gas in GASS.
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High velocity gas in GASS.
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• EnLink is a hierarchal structure finder so it 
identifies a group, and then subgroups and 
then sub-subgroups, etc. 

• The lowest level of structure will depend 
on resolution, but hopefully the highest 
level of structure will be resolution 
independent.
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LAB

In LAB this is 4 clouds in GASS 10.  
Higher resolution changes the results.

Lowest Level
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However with a hierarchical structure finder 
changes in the higher level structure are minimized. 

Highest Level
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EnLink has only 2 parameters, the number of 
cells you smooth over, n, and how significant 

a group needs to be to count, s.
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insensitive to n, but 
depend on s. There 
is a clear sign of 
incompleteness 
below ~10 sq. 
degrees. 
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Adding the GASS data we see very good 
agreement with the s=1 LAB clouds for sizes 

above 10 sq degrees. 

GASS has many 
more small clouds 
where LAB is 
incomplete. It is clear 
that constraints from 
high velocity clouds 
are only good to a 
limiting size.
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Of course we do not know distances to high velocity clouds, 
so they can only be used to constrain halo clouds with a 
model of the mass and radial distribution of the “clouds”.
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If the clouds are all at 

the same distance this is 
there mass distribution.

If at
1 kpc this is 1.3e8Msun 
10kpc this is 1.3e10Msun
50kpc this is 3.2e11Msun

Maller & Bullock 
suggest 2e11 Msun
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• We are able to identify structures around 
the Galaxy in a way that is robust above 
~10 sq. degrees.

• This can be used to constrain the mass of 
halo clouds around the Milky Way and thus 
galaxy formation models.

Conclusions

Wednesday, August 10, 11


